Abstract. Cryopreservation of spermatozoa, oocytes and embryos, as well as somatic cells or cell lines for cloning from cells, are all options for the long-term storage of unique genotypes and endangered species. Spermatozoal cryopreservation and storage currently require liquid nitrogen or ultralow refrigeration-based methods for longor short-term storage, which requires routine maintenance and extensive space requirements. The preservation of stem cells also has strict requirements for long-term storage to maintain genetic integrity. Dessicated (lyopreserved) sperm and stem cells will provide an unprecedented type of long-term storage without the need for expensive and burdensome cryogenic conditions. Experiments were conducted to determine an effective intracellular concentration of the lyoprotectant trehalose. High-pressure liquid chromatography studies revealed that trehalose can be incorporated into mature sperm cells as well as spermatogonial stem cells from rhesus monkeys. In addition, using fourier transform infrared spectroscopy, we determined that thermotropic phase transitions for fresh ejaculates from rhesus monkey and stallion sperm occurred at 10-15, 33-37 and 55-59 • C. Preliminary studies in our laboratory have indicated that spermatogonial stem cells can be dried to <3 g g −1 water and maintain viability following rehydration. Studies in our laboratory have provided preliminary results suggesting that the desiccated storage of sperm and spermatogonial stem cells may be a viable alternative to conventional cryopreservation.
Introduction

Preservation of mammalian cells
The long-term storage of numerous mammalian somatic and germ cell types has been accomplished using cryopreservation, usually in liquid nitrogen (cryogenic tanks) or in other subzero environments (−80 • C ultralow-type freezer). Many cell types do not tolerate frozen storage above −80 • C and undergo severe deterioration, with subsequent lethal damage. However, in the presence of cryoprotectants (CPA) that are, to some degree, cytotoxic, many cell types can survive low-temperature storage. The process of cryopreservation has profound effects on cells, many of which result in sublethal damage to the cells and a subsequent reduction of function. Some haematopoietic and human embryonic stem cell lines and gametes undergo sublethal and lethal changes associated with the complex interaction of low temperature, cryopreservation reagent, osmotic and oxidative balance, solute and electrolyte balance and ice crystallisation (Reubinoff et al. 2001; Buchanan et al. 2004) . As a routine consequence of cryogenic storage, approximately 25-75% of cells stored this way are lost owing to necrotic and apoptotic cell death and this is dependent on cell type, freezing rate and CPA (Fuller 2004) . With appropriate CPA, freezing damage can be minimised. However, high concentrations of CPA can cause osmotic and toxic cell damage (Arakawa et al. 1990; Anchordoguy et al. 1992) . Thus, CPA addition and removal can have long-lasting cellular effects. This is particularly troubling for gamete preservation and alternative CPAs have been studied extensively.
Anhydrobiosis and cellular injury
Numerous plant and animal species have the ability to survive almost complete dehydration. This life without water, or anhydrobiosis, is dependent on a series of complex physiological adaptations, but is primarily dependent upon the accumulation of disaccharides in the cells of the organism during drying. Anhydrobiotic animals accumulate the disaccharide trehalose (Crowe et al. 1984 Womersley and Ching 1989; Westh and Ramlov 1991) , whereas the dehydrationresistant tissues of certain plants, such as seeds and pollen grains, accumulate sucrose (Koster and Leopold 1988; Hoekstra et al. 1992 Hoekstra et al. , 2001 . When accumulated, these sugars may be in excess of 20-50% of the dry weight of these organisms.
The drying of cells usually leads to damage of cellular membranes and proteins, which often results in cell death. The removal of intracellular water causes changes in molecular interactions. When cell membranes are dehydrated, the water molecules that help to maintain the spacing between the polar phospholipid headgroups are removed. This results in the lipid fatty acid chains and polar head groups coming closer to each other, towards membrane collapse, and an increase in the membrane phase transition temperature (T m ) as the membrane changes from a biologically active fluid phase to the gel phase .
Subsequently, as water is added back during rehydration, the membrane undergoes another phase transition, resulting in leakage of soluble cell contents through each membrane (Leslie et al. 1994; Crowe et al. 1997) .
Trehalose, a disaccharide found in high concentrations in many desiccation-tolerant animals and plants (Crowe et al. 1984 Gadd et al. 1987; Westh and Ramlov 1991; Bianchi et al. 1993; Drennan et al. 1993; Crowe and Crowe 2000) , has been the lyoprotectant of choice for many cellular dehydration studies Wolkers et al. 2001; Acker et al. 2002) owing to its ability to replace the hydrogenbonded water molecules and depress the phase transition in dehydrated samples (Crowe and Crowe 1988; Harrigan et al. 1990; Leslie et al. 1994; Tsvetkova et al. 1998) .Trehalose also has a high glass transition temperature (T g ; Koster et al. 1994 Koster et al. , 2000 Sun et al. 1996; Crowe et al. 1997; Buitink et al. 1998) owing to the stability of the glycosidic bond (Kacurakova and Mathlouthi 1996; Schebor et al. 1999) . The high glass transition state for trehalose allows living cells to be placed into a static glassy state at ambient temperature following the removal of cellular water. This glassy state is characterised by a very high viscosity, which serves to inhibit the cellular chemical, biological and physical processes that lead to cell deterioration and death. Although the protective effect of trehalose during drying has been demonstrated in many cellular and non-cellular biological materials, its role during the dehydration of stem cells, and spermatogenic cells in particular, has not been shown conclusively (Gordon et al. 2001; Puhlev et al. 2001) .
Because it appears that sugars need to be present on both sides of a cell's membrane to provide optimal protection, any sugar used in cryoprotection must be capable of entering the cell's interior through the plasma membrane (Chen et al. 2001) . The limited ability of trehalose to cross cell membranes is an obstacle to a cell's ability to utilise trehalose. Several strategies to improve the mammalian cell's ability to take up trehalose have been reported, including a genetic engineering approach, in which a Staphylococcus α-haemolysin was used to porate mammalian fibroblasts and keratinocytes for trehalose uptake (Eroglu et al. 2000) , trehalose microinjection (Eroglu et al. 2002) and thermal poration (Beattie et al. 1997 ). It has recently been shown that mesenchymal stem cells can take up trehalose from the external environment by fluid phase endocytosis, reaching internal trehalose concentrations in the range 20-30 mm (Oliver et al. 2004) , which has been shown to protect human platelets during freeze-drying and storage (Wolkers et al. 2001 (Wolkers et al. , 2002 .
Preservation of cells in the dry state
The dehydrated storage of cells represents an alternative to cryopreservation and has already been shown to be effective for the storage of human blood platelets at room temperature for up to 2 years, during which time recovery and response to thrombin remained essentially unchanged (Wolkers et al. 2001 (Wolkers et al. , 2002 . Efforts to dry nucleated cells have also been reported (Guo et al. 2000; Bloom et al. 2001; Gordon et al. 2001; Puhlev et al. 2001; Acker et al. 2002; Bhowmick et al. 2003) , but achieving consistent results of highly viable, physiologically active cells following dehydration to low water content remains elusive.
Several studies reported in the literature from 1976 and 1981 contained reports of freeze-dried bull spermatozoa (Larson and Graham 1976; Jeyendran et al. 1981) , although no fertility results were presented associated with dried sperm. Rather, a small percentage of motility and fertility was reported by Larson and Graham (1976) associated with some degree of decreased moisture content. Mature spermatozoa have been completely dessicated, stored and, following intracytoplasmic sperm injection (ICSI), have resulted in embryonic development in mice, rabbits, pigs and cattle (Wakayama and Yanagimachi 1998; Keskintepe et al. 2002) or live offspring in mice, rabbits, rats and fish (Wakayama and Yanagimachi 1998; Ward et al. 2003; Liu et al. 2004; Hirabayashi et al. 2005; Kaneko and Nakagata 2005; Poleo et al. 2005) . These studies used freeze-dried sperm that were non-motile and non-viable, but the spermatozoal ultrastructure was evidently intact (Kusakabe et al. 2001) .
Dessication of cells for dry storage has been achieved using freeze-drying (lyophilisation) or convective drying in ambient environments. Both approaches rely on the removal of cellular water to achieve the viscous or glassy state, also considered to be the vitrified state. Vitrification usually refers to cells or tissues in the fully hydrated state, although it can also occur in dehydrated samples. In freeze-drying cells, the sample is usually first frozen to subzero temperatures and then the water is sublimated. Substantial amounts of water (approximately 0.3 g water per g dry weight) are known to be associated with proteins, carbohydrates and membranes in cells. Some researchers consider this water to be nonfreezable and that, if this water is frozen, it may play a significant role in tissue damage. Crowe (2004) has suggested that freezing and dehydration are fundamentally different processes in that dehydration removes the water of hydration of proteins and membranes, whereas freezing under the conditions used for cryopreservation leaves that water unfrozen. Furthermore, the solute requirements for stabilising biological structures in the dry and frozen states are different; all solutes that stabilise such structures in the dry state are also good cryopreservation agents. The reverse is not true. For example, glycerol and dimethylsulfoxide (DMSO), the most commonly used cryopreservation agents, are ineffective in preserving dry biomaterials.
Recent studies
Spermatozoa
Recent investigations in our laboratory have focused on the ability of non-human primate, cattle and horse sperm to undergo trehalose loading and subsequent dehydration. Using fourier transform infrared spectroscopy (FTIR), we determined that thermotropic phase transitions for fresh ejaculates from rhesus monkey and stallion sperm occurred at 10-15, 33-37 and 55-59 • C. Similar results have been observed for bovine spermatozoa (S. A. Meyers et al., unpublished results) in our laboratory. These data suggest that the plasma membrane likely becomes leaky owing to lipid rearrangement and the phase transition temperatures could be used to enhance uptake by diffusion of trehalose.
High-pressure liquid chromatography (HPLC) was used to measure intracellular trehalose concentrations. Figure 1 demonstrates that spermatozoal trehalose concentrations approach 35% loading efficiency for these cells. The addition of DMSO failed to enhance trehalose uptake. Subsequent studies used these loading conditions to obtain intracellular trehalose concentrations that are similar to those seen in trehalose-loaded human platelets (Wolkers et al. 2002) . Sperm were then loaded with trehalose and dried in a vacuum oven at ambient temperature for up to 150 min in order to assess the temperature-independent ability for trehaloseloaded and control sperm to undergo drying and to determine water content by gravimetric methods. Figure 2 demonstrates the drying curve thus obtained. Sperm viability and membrane integrity were determined using propidium iodide in cells sampled during drying (Fig. 3) . Figure 4 demonstrates the microscopic appearance of sperm cells vacuum-dried with and without exogenous trehalose added to the medium.
Spermatogonial stem cells
We have determined that spermatogonial stem cells can be isolated from sexually immature rhesus macaques (S. A. Meyers et al., unpublished observations) . Spermatogonial stem cells were isolated using an enzymatic testicular dispersion method from immature rhesus males (aged from 3 months to 2 years) using sequential enzymatic digestion of prepubertal monkey testes. This method reveals cell preparations with relatively few cell types and excludes interstitial cells. These isolated cell preparations were cryopreserved or cultured for up to 3 weeks in both KSOM and Dulbecco's modified Eagle's medium (DMEM) with minimal cell loss or visible degenerative changes. Using thermal poration at 37 • C, at which temperature the plasma membrane is most pliable owing to a phase transition at 37 • C, our data indicated that trehalose was taken up by a significant population of incubated testicular cells. As determined by HPLC, trehalose concentrations in these cells reached levels of 30-75 mm and this was dependent on extracellular trehalose concentration. The loading efficiency of the disaccharide was reduced at higher concentrations and this supports the concept that these cells may endocytose trehalose.
Following the isolation of spermatogonial cells, cells were plated overnight in DMEM containing 5% fetal bovine serum (FBS; c-DMEM) in a 34 • C/5% CO 2 incubator containing 0, 50, 100 and 200 mm trehalose. Trypsin/EDTA was added for 3 min at 34 • C to lift the cells from the flask. Then, a 50-µL drop was placed in the centre of a 1.5-mL microcentrifuge tube cap. The caps were placed in a 30 • C vacuum oven under vacuum (21 inches Hg). Duplicate tubes were removed from the vacuum oven at various times. At each time point, one cap was rehydrated using c-DMEM for a final volume of 150 µL and viability was determined by propidium iodide exclusion. The other cap was weighed and then dried completely overnight in the vacuum oven at (+)80 • C for determination of water content. Figure 5 demonstrates that spermatogonial stem cells (SSCs) maintain viability below 1 g H 2 O g −1 dry weight and that 50% viability is seen at different water contents, depending on trehalose exposure. Although the data do not clearly indicate that higher trehalose levels are coincident with higher cell viability, the data show that, with loading at 50 mm trehalose, cell viability is greatest at very low water content (below 0.5 g H 2 O g −1 ). Clearly, more studies will be required to determine the effects of trehalose on cell dehydration. These studies described herein provide a strong indication that SSCs may tolerate drying in some form, similar to that shown for mesenchymal stem cells and non-nucleated platelets.
Conclusions
Although cell desiccation removes the water of hydration for proteins and cell membrane lipids and results in the subsequent physical collapse of a cell's architecture, protection using the disaccharide trehalose may permit partial or complete drying without complete loss of function. Recent studies indicate that spermatogonial stem cells (diploid premeiotic cells) may tolerate at least partial dehydration below 1 g g −1 water content and retain in vitro viability. Spermatozoa seem to have more stringent requirements for intracellular water and have not been preserved with significant motility at this time.
